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tio of a reservoir and is carried by any sample derived from it by melt extraction.
In its simplest formulation, a 142Nd/ 144Nd anomaly can be modeled as the result of a single fractionation of an unfractionated precursor reservoir. In this case 146SM decay generates only 142Nd shifts (deviations with respect to 142Nd/144Nd in an unfractionated reservoir) after separation and before -300 million years. The age (t2) of the fractionation is obtained from (E 42Nd), = Q142fiSm/Nd(l46Sm/144Sm) e -Atjl'T46 (1) where At, = (tl -t2), Q142 = 354, (146Sm/ 144Sm)t is the ab initio solar system 146Sm isotopic abundance at t1 = 4566 Ma, fiSm/Nd is the Sm/Nd fractionation factor, and T146 is the 146Sm lifetime (149 million years) (7). The observable quantity E142Nd is defined as the post-decay or present-day deviation from the composition of an Sm/Ndunfractionated chondritic uniform reservoir (CHUR) (7). Values of fiSm/Nd may be obtained from the long-lived 147Sm-143Nd system. In Eq. 1 it is assumed that '46Sm has decayed before any further fractionation events.
We studied all known SNC meteorites with the exception of the two most recently identified Antarctic specimens (LEW 88516 and ALHA 84001). Determinations of source ages require accurate estimates of Sm/Nd at early times when 146Sm was decaying. The rare-earth elements in the SNC meteorites were strongly fractionated during melt extraction from source regions, and back-projections based on partitioning models are highly uncertain. The NC meteorites (nakhlites and Chassigny) are thought to represent cooled magma extracted from the martian mantle -1.3 billion (Fig. 1 A, solid lines (Figs. 1 and 2) . A shift in E143Nd of +16 would take place in only 1.6 billion years at the latter level, or half the time available between the origin of the solar system and extraction of the melt parental to Nakhla at 1.3 Ga.
Constraints on Sm/Nd in the shergottite source reservoir or reservoirs are highly uncertain. Alternate and widely differing interpretations are shown in Fig. 1A .
The crux in the application of 146Sm-142Nd systematics to planetary studies is measurements of the 142Nd/144Nd ratio. Ninety-one standards and a large number of Table 1 . Measured values of 142Nd/144Nd for SNC meteorites reported as deviations from the terrestrial standard composition in E-units. All measurements were made by static multicollection on a seven-cup Finnigan MAT 261 mass spectrometer. N is the number of replicate runs for each sample; Norm. designates the normalization used in the measurement: 146Nd/144Nd, 148Nd/ 144Nd, or a combination of both data sets. When both normalizations were used, the one with the greater statistical weight is given first. The one with the lesser statistical weight is given in parentheses. Details of the measurement procedure are given in (27). 144Nd normalization is used to correct for mass-dependent discrimination (1 E-unit = 100 ppm). By running Nd samples multiple times, we found that it was possible to decrease this uncertainty. In some cases additional reduction was provided by the consideration of data alternately normalized to 148Nd/144Nd. We examined 145Nd/144Nd measurements as a diagnostic for interferences on masses 144 and 146, which were not observed. Well-resolved shifts in 142Nd/ 144Nd with respect to our terrestrial standard are apparent in all four NC group meteorites ( Table 1 ). The shift in Nakhla is 59 ? 13 (2u) ppm higher than the standard. The average shift for the NC group is the same within error (+69 ? 8 ppm) . The shergottites do not exhibit any 142Nd/144Nd difference from the standard at the >30-ppm level.
Norm
The data provide three first-order constraints on martian geochemical reservoirs. First, E142Nd differences indicate derivation of the parent melts of the NC group and shergottite meteorites from distinct sources. Second, the data constrain assimilation-mixing relations as proposed in several petrologic models (13, 14) . Several interpretations have proposed derivation of the shergottites at 180 Ma from NC source melts assimilating crust represented by an abundant component in the Shergotty and Zagami meteorites (13, 14) . The measured E142Nd values and projection of the whole-rock EI42Nd values to 180 Ma, however, are clearly inconsistent with two-component mixing (Fig. 3) . Third, the data provide a test of the shergottite common source model, as shown in Fig. 1A . If the shergottites were derived from a common "enriched" [rich in light rareearth elements (LREEs)] reservoir at 1.3 Ga (as implied by the solid-line evolution model in Fig. 1A) , and if this reservoir formed contemporaneously as a differentiation complement to the "depleted" (LREE-poor) NC parent reservoir, then a resolvably negative 142Nd/144Nd anomaly of magnitude nearly equal to that of Nakhla should be present (Fig. 2B) . The absence of resolvable shifts in the shergottites clearly rules out this version of the common-source reservoir model of the shergottites (Fig. 1A) . The mantle sources from which the shergottite meteorites were derived do not appear to have formed contemporaneously with the NC source with Sm/Nd fractionation as large as the value of jSm/Nd = -0.151 implied in the common source model (Fig. 1A) . Three broad interpretations are possible: either (i) some parts of the martian mantle remained undifferentiated at early times, or the shergottites were derived either from (ii) remixed mantle or from (iii) remelted protocrust with jSm/Nd 0. In terms of the first interpretation, a mantle region would need to have remained unfractionated for at least the first -200 million years of solar system history before fractionation to form a reservoir with jSm/Nd = -0.151 (Fig. 2B) . The second interpretation would require plate recycling of the protocrust back into the mantle, unless fractionation of the martian mantle was due to crystal fractionation in a lunar-type magma ocean differentiation series rather than extraction of partial melts to form crust. The third idea that the shergottite source or sources might be remelted protocrust with it is not clear that partial melts will contribute to a magma ocean, convective velocities throughout the mantle clearly would increased by orders of magnitude in the presence of pervasive partial melting. For the purposes of this discussion, we assume that an impact of a ?0.1 Mars mass object would isotopically remix the silicate portion of the merged object. In this case, the oldest age for silicate mantle differentiation yields a lower limit on the last event in the hierarchical accretion series. 
